It has been shown that frequency-place mismatch has detrimental effects on English speech recognition. The present study investigated the effects of mismatched spectral distribution of envelopes on Mandarin Chinese tone recognition using a noise-excited vocoder. In Experiment 1, speech samples were processed to simulate a cochlear implant with various insertion depths. The carrier bands were shifted basally relative to the analysis bands by 1-7 mm in the cochlea. Nine normal-hearing Mandarin Chinese listeners participated in this experiment. Basal shift of the carriers only slightly affected tone recognition. The resistance of tone recognition to spectral shift can be attributed to the overall amplitude contour cues that are independent from spectral manipulations. Experiment 2 examined the effects of frequency compression, where widened analysis bands by 2, 6, and 10 mm were compressively allocated to narrower carrier bands. Five of the 9 subjects participated in Experiment 2. It appears that the expanded frequency information especially on the low frequency end can compensate for the distortion from frequency compression. Thus, spectral shift might not pose a severe problem for tone recognition, and allocation of wider frequency range to include more low frequency information might be beneficial for tone recognition.
Introduction
Speech recognition is robust and resistant to many forms of distortion or reduction of information (e.g., Remez et al., 1981; Van Tassel et al., 1987; ter Keurs et al., 1992 ter Keurs et al., , 1993 Moore, 1993, 1994) . The channel vocoder has been a useful tool to study and quantify the effects of distortion or degradation of signal on speech recognition (e.g., Hill et al., 1968; Zollner, 1979; Shannon et al., 1995) and to provide estimates for performance of the cochlear implant users (e.g., Fishman et al., 1997; Friesen et al., 2001) . With channel vocoder, it has been shown that degraded spectral resolution to as few as 4 frequency channels can still maintain good speech recognition in quiet (Shannon et al., 1995) . However, speech recognition is severely affected if speech information in the channels does not match tonotopically to the places in the cochlea (Dorman et al., 1997; Shannon et al., 1998; Fu and Shannon, 1999) . Research has also shown that human brains have extraordinary abilities to adapt to frequency-place mismatch with training (e.g., Rosen et al., 1999; Fu et al., 2002; Faulkner, 2006) .
In cochlear implant systems, a number of forms of frequencyplace mismatch occur as a result of the pathology of hearing loss of the implant patients, shallow insertion, or frequency mapping of the device. One type of frequency-place mismatch happens when the patients have localized losses of auditory neurons, which results in ''holes" in hearing. In this case, elevated electrical thresholds of the corresponding electrodes will be needed for those bands of information to be received. The increased signal level will likely result in spread of electric current to neural fibers that are not intended to be activated, producing frequency warping around the ''holes" in the cochlea. Frequency-place warping has been studied using acoustical simulations with noise-excited vocoders and in cochlear implant patients. Shannon and colleagues Baskent and Shannon, 2006) found that holes in the apical regions affected speech recognition more than holes in the middle or basal regions did. Further, redistribution of the missing frequency content around the hole regions did not improve speech recognition.
Another type of frequency-place mismatch involves an overall shift of spectrum as a result of shallow insertion of a cochlear implant. Consider the case where the implant electrode array is not fully inserted into the cochlea so that the electrodes do not match the places corresponding to the frequency map of the speech processor. Typically, the output of a low frequency analysis channel is delivered to the electrode that rests at a higher frequency place, resulting in a basal shift of the spectrum. Dorman et al. (1997) used a 5-channel tone vocoder to simulate various insertion depths of a cochlear implant that resulted in different degrees of basal shift. They found that the basal shift of spectrum progressively deteriorated the recognition of sentences, vowels, and consonants. Compared to vowel and sentence recognition, consonant recognition was less affected by the shift. The feature of place of articulation of consonants was, however, transmitted particularly poorly (Dorman et al., 1997) . Fu and Shannon (1999) further investigated the effects of frequency-place mismatch on vowel recognition with 4-, 8-, or 16-channel processors. They first fixed the analysis bands of the input signal while changing the simulated insertion depth of the implant. They found that vowel recognition scores decreased significantly when the tonotopic places of the carrier bands were shifted by 3 mm or more. In their second experiment, Fu and Shannon (1999) simulated a fixed electrode array positioned at two relatively shallow places and varied the frequency allocation of the analysis bands. They found that the best performance occurred when the analysis bands transmitted more low frequency information with a small amount of mismatch to the carrier bands. The effects of mismatch between the analysis band frequencies and the electrode locations have also been evaluated in patients with cochlear implants (Fu and Shannon, 1999) . Similar results were found. That is, the best performance struck a balance between the loss of low frequency coverage as a result of the basal shift of analysis bands and the degree of the mismatch between the analysis and carrier bands.
Other studies investigated the effects of compression of the entire speech spectrum to the limited stimulation range of the electrode array that typically results from shallow insertion (Pfingst et al., 2001; Baskent and Shannon, 2003 . In the study of Baskent and Shannon (2005) , the most apical electrode was turned off consecutively to simulate partially inserted implants while the analysis frequency range was kept the same or reduced to map the stimulation frequency range. The compressed stimulation avoided truncating low frequency for partially inserted implants but resulted in a distorted frequency-place mapping. Baskent and Shannon (2005) found that while tonotopic mapping started to lose its advantage when more apical electrodes were turned off, compressing a wider analysis frequency to the few basal electrodes contributed to better speech recognition. In addition to the basal electrodes being compressed with an entire speech spectrum, Pfingst et al. (2001) also tested central and apical electrodes and found that the effects of compression were the least when the central electrodes were used.
To summarize, recognition of English phonemes, words, or sentences has been studied in terms of its relationship with spectral shift (e.g., Dorman et al., 1997; Shannon et al., 1998; Fu and Shannon, 1999) or spectral distortion (e.g., Pfingst et al., 2001; Baskent and Shannon, 2003 . The effect of spectral distortion on lexical tone recognition is a topic that has not been closely studied. There is no study, to our knowledge, that has simulated these effects on lexical tone recognition using normal-hearing subjects. The two studies that have examined the effects of frequency compression on tone recognition in cochlear implant patients have reported mixed findings. Chu et al. (2005) tested Cantonese tone recognition in three patients implanted with short electrodes compressively assigned with a normal speech spectrum. In comparison with performance of tonotopically matched condition, they did not find an effect of compression. Liu et al. (2004) , however, showed that Mandarin tone recognition in six patients decreased as a result of limiting the number of active electrodes. The reason for the discrepancy between the two studies is not clear, as neither study described the frequency range allocated to the electrodes. Further, there are many factors other than the variable under study that could influence the performance in those cochlear implant patients (e.g., etiology, neural survival, implant device and speech processing strategy, current spread etc.). Therefore, in the present study, we adopted a noise-excited vocoder to simulate the effects of two forms of spectral distortion on Mandarin Chinese tone recognition. We examined the acute effects of basal spectral shift and frequency compression in an attempt to provide reasonable implications for cochlear implants.
Lexical tone is quite different from English phonemes in terms of its recognition mechanisms Pfingst, 2008, 2003) . The most important acoustic feature for Mandarin Chinese tones is the fundamental frequency (F0). The Mandarin Chinese tones 1-4 demonstrate F0 patterns of (1) flat; (2) rising; (3) low and dipping; and (4) falling, respectively. Temporal information that co-varies with F0 contours, including vowel duration and envelope amplitude also contributes as a secondary cue (Liang, 1963; Lin, 1988; Whalen and Xu, 1992; Xu et al., 2002) . Compared with English phoneme recognition, vocoder studies have shown that Mandarin tone recognition saturates with higher frequency resolution (Xu et al., 2002 (Xu et al., , 2005 . Only with very detailed spectral resolution provided by more than 30 spectral channels does the tone recognition performance improve to close to that of unprocessed stimuli (Kong and Zeng, 2006) . Kong and Zeng also found that 500 Hz envelope information carried by only one channel provided better tone recognition in quiet than 8 channels with 50 Hz envelope information. Evidence from these studies showed that, when place pitch can not be resolved, tone recognition depends on temporal envelope information that contains the periodicity more than English phoneme recognition does [see Xu and Pfingst (2008) for a review]. Fu et al. (2004) also suggested that speech processing strategies that use high stimulation rates favors tone recognition, probably because more detailed temporal envelope information could be represented with higher stimulation rates. Given these differences, frequency-place mismatch may exert different effects on Mandarin Chinese tone recognition than English phoneme recognition. The effects of basal shift of the spectrum on Mandarin Chinese tone recognition were investigated in Experiment 1, where an implant with varying insertion depths was simulated. Experiment 2 examined the effects of frequency compression with wider frequency ranges allocated to narrower frequency bands.
Methods

Speech material and signal processing
One female and one male native Mandarin Chinese speaker produced the following ten syllables in each of the four tones: /fu/, /ji/, /ma/, /qi/, /wan/, /xi/, /xian/, /yan/, /yang/, and /yi/. Four of the syllables end with nasal consonants while the other six are open syllables. Care was taken so that the four tones produced for the same syllable were equal in duration (see Xu et al., 2002) . The rms values of all tone tokens were equalized to control for the overall loudness differences. The amplitude contour cue was intact. The recordings of the 80 tone tokens (2 speakers Â 10 syllables Â 4 tones) were stored at a sampling rate of 22050 Hz with a 16-bit resolution.
Signal processing for the acoustic simulations was performed in MATLAB (MathWorks, Natick, MA). Experiment 1 measured tone recognition in basal shift conditions. The basal shifts of the spectrum simulated an implant with varying insertion depths (Fig. 1A) . The raw tone tokens were pre-emphasized by high-pass filtering at 1200 Hz and were bandpass filtered into 4, 8, 12, or 16 frequency bands. The frequency range of the analysis bands was 269-3283 Hz, corresponding to a tonotopic place between 28 mm and 13 mm from the basal end of the cochlea. The bandwidth and corner frequencies of the analysis bands were determined using the formula from Greenwood (1990) that estimates equal spacing on the basilar membrane of the cochlea, F = 165.4(10 0.06x À1), where x is the distance in mm of the estimated place from the apex end of the cochlea, assuming the length of the basilar membrane to be 35 mm. The temporal envelope of each band was extracted by half-wave rectification and then low-pass filtering at 160 Hz (2nd order Butterworth, 12 dB/octave).
The temporal envelope was used to modulate a wideband noise. The modulated signal was then frequency-limited in what is thereafter referred to as the carrier band. The frequency allocation of the carrier bands was varied to simulate various insertion depths of the electrode array. The estimation of the frequency allocation of the carrier bands was also based on the Greenwood formula (1990). The analysis bands and the carrier bands did not necessarily match, which resulted in a tonotopic shift. Matched analysis bands and carrier bands simulated a fully inserted electrode array. The electrode location was manipulated to shift from full insertion (i.e., 28 mm) to 21 mm into the cochlea in a step size of 1 mm. The frequency allocation for the carrier bands is provided in Table 1 . The shifting procedure was repeated for all four channel conditions (i.e., 4, 8, 12, and 16) . The outputs of all bands were summed up for acoustic presentations. Experiment 2 measured tone recognition under the condition of frequency compression (Fig. 1B) . Different from Experiment 1, the carrier bands in Experiment 2 were fixed in the frequency range of 492-5053 Hz to simulate an implant located between 25 mm and 10 mm from the base. The widened analysis bands (i.e., 407-5826 Hz, 269-7732 Hz, and 164-10246 Hz) were compressively assigned to the relatively narrower carrier bands (i.e., 492-5053 Hz). The analysis bands were widened evenly on both low and high frequency sides. The amount of widening was equivalent to 1, 3, and 5 mm on each side, thus 2, 6, and 10 mm in total (Greenwood, 1990) . Frequency compression was repeated for all four channel conditions. The frequency allocations of the analysis bands for the three compression conditions are provided in Table 2 .
Subjects and procedure
Nine normal-hearing, Mandarin Chinese native speakers (five males and four females, ages 28.4 ± 6.7, mean ± SD) participated in the tone recognition tests. All subjects participated in Experiment 1 and five of them continued with Experiment 2. As will be reported in results, the sample size of Experiment 2 appeared to be sufficient to detect statistical significance between the experimental conditions. All subjects were screened for pure tone thresholds lower than 20 dB HL for octave frequencies between 250 Hz and 8000 Hz. The use of human subjects was approved by the Ohio University Institutional Review Board.
Tone stimuli were presented at a comfortable level to the left ear of the listeners via a circumaural headphone (Sennheiser, HD 265) in an IAC double-walled sound booth. A custom graphical user interface (GUI) was developed in MATLAB to present the tone stimuli and to collect the listeners' responses. In order to avoid floor effects in real tests, all subjects received training and were required to reach an averaged performance of 70% percent correct with spectrally matched tone stimuli processed in a noise-excited vocoder. Each training session contained 1600 stimuli (10 syllables Â 4 tones Â 2 speakers Â 4 channel conditions Â 5 repetitions). Each training session started with stimuli processed in a 16-band processor and continued with stimuli processed in progressively fewer The most apical edge of the electrode array varies from 28 mm to 21 mm from the base. The frequency allocations of the 8-band and 4-band processors can be derived from this table by combining adjacent 2 and 4 bands, respectively. band processors. Eight subjects took 2 training sessions that lasted 3 h long to reach the criteria. Only one subject needed an extra training session. Tone recognition was measured in a 4-alternative forced-choice paradigm. Each stimulus was presented for only once in both training and the test. The subjects were instructed to take their best guesses even if they were not sure about the response. Subjects responded by pressing one of the four GUI buttons, each labeled with one of the four possible answers. Feedback was provided after each response during training, while no feedback was provided in the test. The test for Experiment 1 consisted of 5120 stimuli (10 syllables Â 4 tones Â 2 speakers Â 8 insertion depths Â 4 channel conditions Â 2 repetitions) presented in random order and required about 5.5 h for each subject to complete. Experiment 2 contained 2560 randomized stimuli (10 syllables Â 4 tones Â 2 speakers Â 4 compression conditions Â 4 channel conditions Â 2 repetitions) and took about 2.5 h for each subject to complete. The experiments were scheduled in blocks of 1-2 h. The listeners were encouraged to take breaks within each test session. The training and testing spanned on average 2-3 weeks.
Results
3.1. Experiment 1: Tone recognition with basal shift Fig. 2 plots the percent correct scores as a function of simulated insertion depth for different numbers of channel conditions. As revealed by a two-way repeated-measure ANOVA, the effects of insertion depth (F (7, 56) = 22.30, p < 0.00001) and number of channels (F (3, 24) = 15.58, p = 0.00007) were both significant. Poorer performance was associated with fewer numbers of channels or shallower insertion depths. The greatest basal shift (i.e., 21 mm) caused the tone recognition performance to decrease by approximately 10 percentage points from the performance of unshifted condition (i.e., 28 mm). Data of vowel recognition from Fu and Shannon (1999) are re-plotted in Fig. 2 for comparison.
An interaction between the two main factors (i.e., insertion depth and spectral resolution) was also significant (F (21, 168) = 2.73, p = 0.0003). A post-hoc Cicchetti's test often used for un-confounded comparisons of interaction was performed. Comparisons of insertion depth conditions nested in the factor of number of channels showed that the effects of insertion depth were greater for stimuli with greater numbers of channels than with fewer ones. None of the 28 comparisons between insertion depth conditions for 4 channels were significant, indicating that there were no shallow insertion effects at all for 4 channels. For 8 channels, only scores for insertion depths of 22 and 21 mm differed from that of unshifted condition (p < 0.05). Similarly, for 12 and 16 channels, the effects of shallow insertion did not appear till 22 mm (p < 0.05). In addition, scores for insertion depth of 21 mm also differed from those for 27, 26, and 24 mm for 12 channels and differed from those for 23-27 mm for 16 channels (p < 0.05). Comparisons of the channel conditions nested in the factor of insertion depth revealed that the effects of number of channels diminished as the simulated insertion depth became shallower and eventually disappeared when insertion depth became shallower than 24 mm (p > 0.05).
Pattern of performance across different tones was similar for different channel conditions but different for syllable types, the types being open syllables and syllables with a nasal coda. Performance patterns of individual syllables were consistent within syllable types (i.e., open syllables or syllables with a nasal coda). Hence in Fig. 3 we show the mean scores for the two types of syllables as a function of simulated insertion depth. For the open syllables (i.e., /fu/, /ji/, /ma/, /qi/, /xi/, and /yi/), the scores for the four tones were relatively consistent across insertion conditions ( Fig. 3, upper panel) . However, for the syllables with a nasal coda (i.e., /wan/, /xian/, /yan/, and /yang/), a seemingly increase in performance as a function of insertion depth was seen for tone 4. In contrast, the performance of the other three tones showed a declining pattern as the insertion depth became shallower (Fig. 3 , lower panel). We will discuss in detail that there was a trend in responses as tone 4 that led to the increased accuracy as well as false detection of tone 4.
Experiment 2: spectral compression
Experiment 2 measured tone recognition with compressed frequency allocation for 4 channel conditions (Fig. 4, upper panel) . Wider analysis frequency ranges were assigned to relatively narrower carriers ( Table 2) . As shown by a two-way repeated-measure ANOVA, the main effect of compression was found to be significant (F (3, 36) = 20.33, p = 0.00005), but the effects of number of channels were not, (F (3, 36) = 2.55, p = 0.11). The interaction between the two factors was also significant (F (9, 36) = 3.82, p = 0.002). Data collapsed across channel conditions are plotted in the lower panel of Fig. 4 . Post-hoc analysis further showed that scores of 6 and 10 mm compression significantly improved from the tonotopically matched condition (p < 0.05). The best score was found for the 6 mm compression condition, but it was not significantly better than that of the 10 mm compression condition (p > 0.05). A tonotopically matched condition in this experiment simulated an implant located between 25 and 10 mm from the base (i.e., 492-5053 Hz). Note that it was different from the matched condition in Experiments 1 (e.g., 28-13 mm, or 269-3282 Hz). The recognition score of the matched condition derived from Experiment 1 is plotted in an open circle in the lower panel of Fig. 4 . A paired t-test showed that performance for tonotopically matched condition at 25 mm was significantly worse compared to the matched condition at 28 mm obtained from Experiment 1 (t = 2.91, p = 0.04).
Discussion
Tone recognition in tonotopically matched condition
Tone recognition was measured in two tonotopically matched conditions with simulated insertion depths of 28 and 25 mm in Experiments 1 and 2, respectively. In either condition, compared to English phoneme recognition measured using similar vocoder simulations, our results showed that tone recognition is poorer even though the chance level for tone recognition (25% correct) is much higher than phoneme recognition (5% correct for consonants and 8.33% correct for vowels). Our findings were consistent with previous vocoder studies (e.g., Xu et al., 2002 Xu et al., , 2005 or observations from tone-language-speaking cochlear implant users (e.g., Wei et al., 2000; Ciocca et al., 2002; Lee et al., 2002; Wong and Wong, 2004) . The poorer tone recognition was not surprising, as the spectral resolution provided by cochlear implants does not allow the transmission of F0 and the harmonics, while features of phonemes can be transmitted with temporal envelope information. Recognition performance with an insertion depth of 25 mm was lower than that of an insertion depth of 28 mm (Fig. 4, lower  panel) . This is probably due to more low frequency information being eliminated for the insertion depth of 25 mm.
Effects of basal shift
Tone recognition was much more resistant to the basal spectral shift compared to English phoneme and sentence recognition (Dorman et al., 1997; Shannon et al., 1998; Fu and Shannon, 1999) . The deteriorating effects did not show until the carriers were shifted to almost two octaves higher. Data from Fu and Shannon (1999) provided a clear contrast between the effects of spectral shift on vowels and tones (Fig. 2) . At the shallowest insertion depth (i.e., 21 mm), the averaged tone performance across channel conditions only decreased from the unshifted condition by approximately 10 percentage points, whereas a dramatic 60 percentage point drop was demonstrated in vowel recognition (Fu and Shannon, 1999) . Although the 10 percentage point decrease in performance was statistically significant, it may not have noticeable effects in communication using lexical tones. However, clinical data related to this are not available. For the 4-channel condition, shifting the spectrum did not affect tone recognition at all. In contrast, Dorman et al. (1997) reported that consonant and vowel recognition with a 5-channel tone vocoder decreased from the unshifted condition by 30 and 60 percentage points, respectively. Given that the subjects used in their study received extensive pre-test training of 12-15 h and the unlimited numbers of presentations that the subjects were allowed to listen to, the effects of spectral shift on tones were remarkably negligible. The effects of shift on tones for other channel conditions were also quite limited, being confined to insertion depths shallower than 23 mm (i.e., 22 mm and 21 mm). The general trend was that stimuli with better spectral resolution were affected by the shifts to a greater degree. This was linked to a diminishing channel effect with greater shift of the spectrum. Such an interaction between the spectral resolution and spectral shift was also evident in the vowel recognition scores from Fu and Shannon (1999) before the scores were normalized. We speculate that a stimulus generated with a greater number of channels contains more speech information, and therefore, the amount of information vulnerable for the frequency-place mismatch is also greater. Disrupted frequency-place mapping does not have an equal effect on different aspects of speech perception. Conceivably, vowels are the most prone to spectral shift (Dorman et al., 1997; Shannon et al., 1998; Fu and Shannon, 1999) . The most heavily weighted cues for vowel recognition are their formant frequencies. Shifting the spectrum to higher frequencies easily destroys these spectral cues and results in acute decrease in vowel recognition. Consonant recognition, however, is not as vulnerable to spectral shift as vowel recognition is. Information transmitted for place of articulation, which greatly relies on the place of spectrum peaks, was considerably affected as a result of spectral shifts (Dorman et al., 1997) . Perception of manner of articulation or voicing distinctions defined by temporal features, such as noise rising time or duration of adjacent vowels (Pickett, 1999) , might not be affected by spectral changes as much as that of place of articulation. Tone recognition presumably also relies on temporal information when spectral information is limited to a small number of frequency bands (Xu and Pfingst, 2008) , but the reliance is on different aspects of temporal information than phoneme recognition, which includes the periodicity contained in local channel envelopes or in the overall amplitude contours of the signal. As we have shown earlier, tone recognition was the least prone to spectral shift, but there was a difference in the performance for two types of syllables, the open syllables and the syllables with a nasal coda. The differences between the performances for the two types of syllables allowed us to investigate the contributions of the two temporal cues (i.e., envelope cues in local channels and overall amplitude contour cues) to tone recognition in frequency-place mismatched conditions.
Effects of the overall amplitude contour
Recognition of the four Mandarin tones for open syllables was quite consistent across insertion conditions. In contrast, for syllables with a nasal coda, a trend in responses as tone 4 was observed with increasing shift (Fig. 3, lower panel) . This trend in responses as tone 4 caused the instances of hit for tone 4 as well as the false detection of other tones as tone 4 to increase. This response tendency could be explained by the differences between the two types of syllables in their overall amplitude contours. Fig. 5 shows the overall amplitude contours for all syllables. The overall amplitude contours for each of the four tones are plotted on top of the 16-channel vocoded waveforms in the unshifted condition. Note that the difference in overall amplitude contours between the two types of syllables remains, despite the spectral shifts. The amplitude contours of the open syllables demonstrated resemblance to various degrees to the F0 contours of the tones. The amplitude contours of the syllable with a nasal coda, however, were greatly affected by the presence of the nasal coda. Syllables with a nasal coda tend to have low amplitude at the syllable ending, as nasal stops are greatly damped due to the broader band frequency response in the vocal tract (Fujimura, 1962) . As a result, the ending of nasal syllables demonstrates a downward movement regardless of its original tone identity. The downward movement in the syllable ending might be perceived as a drop in F0 and might elicit tone 4 responses. Whalen and Xu (1992) demonstrated that responses of the native Mandarin Chinese-speaking listeners primarily depended on the movement of the amplitude segment when no F0 cue was provided.
In conditions of moderate basal shift (i.e., >25 mm), when the local channel envelopes stimulated at moderately shifted places could still be perceived, the overall amplitude contours do not seem to influence tone recognition, possibly because it remains to be a less weighted cue. With increasing shift, however, the mismatch between the envelopes and the places being stimulated becomes increasingly large. In these cases, any periodicity information in the envelopes is coded at places with higher characteristic frequencies. It is possible that the periodicity information processed in mismatched auditory filters might not be perceived well. In fact, Oxenham and colleagues (2004) demonstrated that disassociation of temporal information from the cochlear places affects temporal pitch coding. They showed that frequency discrimination of transposed tones, which are higher frequency carriers modulated with low frequency F0s, is much worse than frequency discrimination of pure tones. Their findings indicated that tonotopic representation is a necessary element for temporal pitch coding. In our cases, with increasing shift, the periodicity information is delivered to neurons that have mismatched characteristic frequencies and presumably could not be well represented. The derivation of the overall amplitude contour, however, only requires the summation of neuron firing rate across channels and therefore is independent from spectral manipulation. It becomes perceptually more dominant with increasing shift. For syllables with a nasal coda, a trend in responses for tone 4 was therefore introduced and the consequences were the enhanced recognition of tone 4 together with the increased instances of false detection for tone 4. It remains to be tested whether tonotopic mapping is critical to perceive temporal pitch, and whether the overall amplitude contour cue comes into play because of the distorted periodicity.
Our results suggest that the transition in dominance of the two cues occurred at simulated insertion depth of 25 mm (Fig. 3, lower  panel) . The amplitude contour of tone 3 was somewhat preserved even in the presence of the weak nasal energy (Fig. 3, lower panel) . Hence recognition of tone 3 was less biased than tones 1 and 2. The increased scores of tone 4 at shallower depths offset the decreasing recognition accuracy of other tones so that the overall score did not change much with increasing shift. The overall amplitude contours of open syllable tones always provided relatively reliable cues for tone recognition, regardless of how much the envelopes in the local channels were distorted as a result of the spectral shift. Therefore, the performance of open syllable tones did not change with insertion conditions. Even though the overall amplitude contours are independent from the manipulation of carriers in channels, the above observations suggest that this cue is not as reliable for all Chinese syllables. It is reliable for open syllables, the vocalic portion of which contains only a monophthong vowel. The amplitude contours of tones are prone to changes for other types of syllables depending on the relative energies of the nucleus and the coda. The system of Chinese vowels consists of monophthong and diphthong. Further, nasal or nasal cluster is the only possible syllable coda ( Duanmu, 2002) . In natural speech, the overall amplitude contours rarely work on their own to provide cues for tone recognition. Therefore, tones with nasal codas should not be more confused than tones carried by other types of syllables. Spectral shift as a result of shallow insertion potentially faced by many cochlear implant users created a unique condition where amplitude contours serve as the primary temporal cue to tone recognition. The results indicate that although not reliable for certain syllable types, the overall amplitude contour cue contributes to the resistance of tone recognition to spectral modifications. Luo and Fu (2004) also showed that tone recognition can be enhanced by modifying the overall amplitude contours according to the F0 contours.
Effects of frequency compression
Due to the limited length of the cochlear implant electrode array, the frequency range stimulated by a cochlear implant is also limited. Assigning a corresponding tonotopic frequency map to the electrodes would eliminate frequency coverage especially in the low frequency region, if the electrodes are inserted shallowly or short electrodes are used. Clinically-used maps usually com-pressively allocate a wider frequency range sufficient for speech understanding to electrodes that cover a narrower cochlear location. Experiment 2 simulated such a scenario. The implant was simulated to have a length of 15 mm and an insertion depth of 25 mm from the base.
Consistent with the previous studies (e.g., Fu and Shannon, 1999; Faulkner et al., 2003) on English phoneme recognition, a tonotopically matched condition resulted in truncation of a fair amount of low frequency information, which in turn resulted in decreased tone recognition performance compared with the performance of the insertion depth of 28 mm obtained from Experiment 1 (Fig. 4, lower panel) . Compression of a wider frequency range with 3 mm or 5 mm at both frequency ends produced better performance than that without compression (Fig. 4, lower panel) . A small amount of compression (i.e., 1 mm) did not provide an acoustic range wide enough, particularly on the low frequency end, to compensate for the frequency-place distortion as a result of the compression. However, the optimal performance did not occur with the largest amount of compression either. The best performance was found with a moderate compression that enhanced low frequency information for tone recognition. This was consistent with the findings by Shannon (2003, 2005) that in shallow insertion conditions, a moderate amount of compression was better than tonotopic mapping with low frequency truncation for English speech recognition. These results suggest that wider frequency allocation that includes low frequency information critical for pitch perception may benefit tone recognition. However, the degree of compression should also be controlled relative to insertion depth to provide maximum benefit for implant patients.
In conclusion, tone recognition is fairly resistant to spectral mismatch because of its use of the overall amplitude contours independent from spectral alternation. The amplitude contour cue is not reliable for all Chinese syllables, especially for syllables with a nasal coda. Tone recognition with moderate frequency compression is improved as a result of the extended low frequency end provided with the compression. Frequency mapping for modern cochlear implant devices often involves two forms of frequencyplace mismatch examined in the present study. Although technically difficult, it would be interesting to confirm the findings of the present study in cochlear implant users.
